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Monday, February 17, 2014 241abetween voltage- and ligand-dependent pathways. Development of well-
defined model-independent metrics of interaction energies will be crucial for
delineating molecular interaction pathways and understand the mechanisms
of voltage-transduction.
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Structural Investigation of a Bacterial Voltage-Gated Sodium Channel
NaVRh
Nieng Yan, Xu Zhang.
Tsinghua University, Beijing, China.
Voltage-gated sodium (Nav) channels are essential for the rapid depolariza-
tion of nerve and muscle, and are important drug targets. Elucidation of the
structures and functional mechanisms of Nav channels will shed light on
fundamental ion channel mechanisms and facilitate potential clinical appli-
cations. A family of bacterial Nav channels, exemplified by NaChBac
(Naþ-selective Channel of Bacteria), provides a good model system for
structure-function analysis. We determined the crystal structure of NavRh,
a NaChBac orthologue from marine bacteria, Rickettsiales sp. HIMB114
(denoted Rh), at 3.05 A˚ resolution. The channel comprises an asymmetric
tetramer. The carbonyl oxygen atoms of Thr178 and Leu179 constitute an
inner site within the selectivity filter (178TLSSWE183) where a hydrated
Ca2þ can bind and resides in the crystal structure. The outer mouth of the
Naþ selectivity filter, defined by Ser181 and Glu183, is closed, as is the acti-
vation gate at the intracellular side of the pore. The voltage sensors adopt a
depolarized conformation with all the gating charges exposing to the extra-
cellular side. We hypothesize that NavRh is captured in an inactivated
conformation. Comparison of NavRh with NavAb reveals that the VSD seg-
ments undergo discordant conformational shifts concurrent with domain
rotation that may underlie the electromechanical coupling mechanism of
voltage-gated channels.
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Voltage-Sensor Domain Proteins: Phosphoinositide Signal, Proton Perme-
ation and Molecular Tools
Yasushi Okamura, PhD, MD.
Physiology, Osaka University, Suita, Japan.
Voltage-sensor domain (VSD) is the key transmembrane module for sensing
membrane voltage in voltage-gated ion channels and voltage-sensing phos-
phatase. Hv1 (also called VSOP) mainly expressed in phagocytes and human
sperm consists only of VSD and the coiled-coil region, operating as the
voltage-gated proton channel. In Hv1, VSD plays dual roles of pH-
dependent voltage sensing and proton-selective permeation. These properties
are innate to protomer. However, dimerization of Hv1 enables cooperative
voltage-dependent gating. The voltage-sensing phosphatase, VSP, is the
voltage-activated phosphoinositide phosphatase in which single VSD is
tightly coupled with the phosphatase with significant homology to the phos-
phatase and tensin homolog deleted on chromosome 10 (PTEN). Phosphoi-
nositides such as PIP3 and PI(4,5)P2 are dephosphorylated by VSP upon
membrane depolarization. Physiological functions of VSP are largely un-
known but fibroblasts heterologously expressing VSP exhibit neurite-like
fine processes, raising a possibility that VSP may play role in regulating
cell shape by phosphoinositide turnover. VSP itself is a useful tool to rapidly
manipulate phosphoinositide level by simple membrane depolarization to
study roles of phosphoinositides that play roles in diverse biological events.
VSD of voltage sensor domain proteins could also be utilized as a molecular
material to devise voltage probe for visualizing electrical activities in cells
and tissues. I will talk about recent findings of molecular mechanisms of
VSP and Hv1 and examples of molecular tools based on VSP.
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Eduardo Perozo, Qufei Li, Sherry Wanderlin.
Dept of Biochemistry and Molecular Biology, University of Chicago,
Chicago, IL, USA.
The transduction of electric fields into protein motion plays an essential role in
the generation and propagation of cellular signals. Voltage-sensing domains
(VSD) carry out these functions through reorientations of discrete gating
charges in the S4 helix. The voltage sensitive phosphatase from C. intestinalis
(Ci-VSP) is controlled by a standard VSD with high sequence similarity to the
S1-S4 segments found in Naþ and Kþ channels. To address some of the funda-
mental questions regarding how membrane proteins sense transmembrane volt-
ages, we have pursued structural and biophysical information on Ci-VSP’s
isolated VSD, under conditions that stabilize the Up and the Down conforma-
tions. These will be discussed in the context of explicit mechanisms for voltage
sensing.Platform: Calcium Signaling
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Ca2þ is a ubiquitous intracellular messenger. Extracellular stimuli often evoke se-
quences of Ca2þ spikes, and it is suggested that spike frequency may encode stim-
ulus intensity. However, the timing of spikes is random because each interspike
interval (ISI) has a large stochastic component. We also find that average ISI
vary considerably between cells. Can individual cells reliably encode stimuli
when Ca2þ spikes are so unpredictable? Analysis of Ca2þ spikes evoked by recep-
tors that stimulate formation of inositol 1,4,5-trisphosphate (IP3) reveals that signal-
to-noise ratios are improved by slow recovery from global feedback inhibition and
that they are robust against perturbations of the signalling pathway. Despite vari-
ability in the frequency of Ca2þ spikes between cells, steps in stimulus intensity
cause the stochastic period of the ISI to change by the same factor in all cells. These
fold-changes reliably encode changes in stimulus intensity, and they entail an expo-
nential dependence of average ISI on stimulation strength. We find the latter to
apply to different cells, stimuli and stimulation intensities. We conclude that
Ca2þ spikes allow reliable signalling in many cells despite randomness and cell-
to-cell variability because global feedback robustly reduces noise, and stimulation
steps are encoded by fold-changes in the stochastic period of the ISI.
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Cells constantly sense their local chemical environment andmakedecisionsbased
upon the information received. This chemosensing process, although stochastic
on the individual cell level, exhibits highly regulated responses in multicellular
organisms. Two key features, intercellular communication and first-responder
cells, define this process. To understand the collective behavior induced by these
two factors, we culture fibroblast cells inside a PDMS-on-glass channel, to which
we deliver ATP solution, and study their calcium dynamics in response to the
chemical stimulation. We demonstrate the existence of first-responder cells and
how the presence of gap junctions influences the first step of the collective
response, in that there are correlations in the response of neighboring cells. In
addition, we investigate the effect of mechanical environment on a colony’s
response by studying cell responses when encapsulated in thin hydrogel films.
By comparing the results from when the cells are cultured on glass to hydrogel-
embedded cells, where intercellular communication is only possible via diffusing
molecules, we find that (i) persistent calciumoscillations of individual cells occur
only for cells embedded in hydrogel, and (ii) a colony of hydrogel-embedded cells
show no synchronization. The fraction of a colony that responds toATP increases
with hydrogel elasticity and ATP concentration. For those cells that oscillate, we
find that at high ATP concentration (>40 mM) cells inside a stiffer gel have fewer
oscillations than those inside a softer gel. The distributions of oscillation periods
havemodes that are decreasing with increasing ATP concentration. Our observa-
tions and measurements highlight the role of mechanical environment for influ-
encing spatial and temporal dynamics in cell colonies and tissues.
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NaD Channels Control Metabolism and Global Ca2D Signaling by
Inducing NaD and Ca2D Responses that are Propagating into the Mito-
chondria of Beta Cells
Israel Sekler.
Physiology, Ben Gurion University, Beer-Sheva, Israel.
Naþ channels in b cells are abundantly expressed and prone to prolong activation,
yet their role in regulating cellular Naþ fluxes or mitochondrial Ca2þ transient,
thereby metabolism is poorly understood Here, we combined fluorescent ion and
electrophysiological analysis with molecular control of transporter expression
and mitochondrial metabolism in MIN6 and primary beta cells. Glucose induced
a TTX sensitive cytosolic Naþ and Ca2þ response that were propagating into the
mitochondria. Mitochondrial Ca2þ influx was largely blocked in cell transfected
with siRNA of the mitochondrial Ca2þ uniporter MCU. Knockdown of the mito-
chondrial Naþ/ Ca2þ exchanger (NCLX) and Naþ dose response analysis show
that NCLX is major mitochondrial Naþ influx pathway, tuned to sense cytosolic
Naþ changes mediated by high glucose. TTX sensitive mitochondrial Ca2þ
242a Monday, February 17, 2014response enhances mitochondrial metabolism triggered mitochondrial hyperpolar-
ization and enhanced ATP production. Liþ a substrate cation of NCLX but not of
NCX replace Naþ in enhancing the cytosolic and mitochondrial Ca2þ responses
Altogether, our results show that combined electrical and ion flux activity of
TTX sensitiveNaþ channels initiates a cytosolicNaþ andCa2þ signals propagating
by the MCU and NCLX to the mitochondria, thereby shaping cytosolic or
mitochondrial Ca2þ transients and metabolism of beta cells.
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Cytosolic Ca2þ levels are tightly regulated in cardiomyoctes. In many instances
mitochondria play a direct role in this regulation. They take up Ca2þ via the
Ca2þ uniporter, buffer Ca2þ by calcium-phosphate sequestration, and release
Ca2þ primarily through the electrogenic Naþ/Ca2þ exchanger. However, the
manner in which Ca2þ is taken up is still in dispute. In this studywe used energized
mitochondria isolated fromguinea pig hearts to explore the potential for twomodes
of Ca2þ uptake. In addition, we sought to demonstrate the manner in which mito-
chondria take up, sequester, and release Ca2þ, and how Ca2þ transport is differen-
tially modulated by Mg2þ. To carry out this study, we monitored extra-matrix and
matrix [Ca2þ] during Ca2þ loading and unloading experiments using Fura-4F PP
and Fura-4F AM fluorescence to quantify extra-matrix and matrix [Ca2þ], respec-
tively. Two loading protocols were used: 1) a bolus of CaCl2 was added to a sus-
pension of mitochondria in respiration buffer and 2) mitochondria were added to
respiration buffer already containing CaCl2. In all experiments, ruthenium red
was later added to stop Ca2þ uptake and NaCl was added to initiate Ca2þ efflux.
Also, each protocol was executed in the presence and absence of extra-matrix
MgCl2. Depending on the protocol, two distinct profiles of Ca2þ uptake were
observed, whereby using protocol 1 resulted in a faster mode of Ca2þ uptake
and protocol 2 in a slower mode. Furthermore, Ca2þ uptake and efflux were in-
hibited by MgCl2. We found that Mg2þ reduced the ability of mitochondria to
sequester Ca2þ independent of the protocol. In summary, these observations
derived fromour experiments show the potential for at least twomodes of Ca2þ up-
take and provide us with a better understanding of how matrix Ca2þ dynamics
change under physiological and pathophysiological conditions.
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Genetically encoded calmodulin-based calcium probes (GCaMPs) have become
the reporters of choice for visualising the calcium flux associated with action
potentials in vivo. A major limitation of currently available GCaMPs is the slow
kinetics of fluorescence changes induced by calcium association and dissociation.
We have addressed this issue by generating a series of mutants of GCaMP3 in the
calcium binding sites of calmodulin alone1 and in combination with mutations in
the RS20 target peptide sequence2 with the view of lowering the affinity for
calcium and accelerating the calcium response kinetics. The calcium association
kinetics for the resultingGCaMP3EF-hand andpeptidemutantswere highly coop-
erative and characterized by a rate limiting conformational change. Fluorescence
changes on calcium association were up to 7-fold faster compared to GCaMP3.
Calcium dissociation rates were up to 60-fold faster than GCaMP3 and 25-fold
faster than the newly developedGCaMP6 fast (GCaMP6f). Dissociation constants
(Kd) for calcium were in the mM range with Hill coefficients from 2 to 5. Two-
photon cross-sections of mutants were comparable to GCaMP3. Fluorescence
responses of mutated GCaMP3s to calcium transients in endothelial cells were
similar to those seen with small molecule indicators. The principles employed
proved to accelerate the calcium kinetics of GCaMP3 and can be applied to
the new generations of GCaMPs to generate low affinity probes.
1Jama A et al. JBC, 2011, 286:12308-12316.
2To¨ro¨k K and Trentham DR. Biochemistry, 1994, 33:12807-12820.
This work is funded by the Wellcome Trust grant number 094385/Z/10/Z
to KT.1227-Plat
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Cardiomyocytes
Sara Pahlavan, Yuming Yang, Caitlin Robertson, Naohiro Yamaguchi,
Lars Cleemann, Martin Morad.
Cardiac Signaling Center, Medical University of South Carolina and
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The contractile force of cardiomyocytes is controlled by Ca2þ cross-signaling
between L-type Ca2þ channels and ryanodine receptors (RyR2) across the narrow
dyadic cleft. To detect the junctional Ca2þ signal, we designed a peptide probe
(Calstabi-Cam) with calmodulin as its Ca2þ sensor, yellow fluorescent protein
(EYFP) as reporting fluorophor, and FKBP12.6 (calstabin2) as subunit of RyR2.
Effective adenoviral expression in cultured adult rat cardiomyocytes was verified
after 48 hourswhenCalstabi-Camco-localizedwith fluorescent RyR antibodies in
a sarcomeric z-lines pattern. Dissociation constant (kd) of Calstabi-Cam for Ca
2þ
measured in permeablized myocytes was 80 nM. The kinetic of Ca2þ signals was
measured in voltage-clamped cells with a Leica TIRF microscope which allowed
comparison of rapidly interlaced images of cytosolic Ca2þ probes (fura-2 or fluo-
4) and Calstabi-Cam. Fluo-4 Ca2þ sparks were detected superimposed on the
sarcomeric fluorescence patterns of Calstabi-Cam. On activation of Ca2þ release
by caffeine or membrane depolarization, Calstabi-Cam fluorescence signals had
slower rise times compared to fura-2, but had much slower decay kinetics. Scans
of focal Calstabi-Cam signals at different sites, occurring spontaneously or at the
onset of evoked Ca2þ releases, appeared to have a significant distribution of mag-
nitudes and latencies. We conclude that Ca2þ-sensing biological peptides may
be targeted to the cleft-space occupied by DHPR/RyRs complex as to make it
possible to record the variance of Ca2þ signals at different dyadic junctions.
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CaMKII-Mediated Amplification is Essential to NAADP Signalling in
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Rebecca A. Bayliss, Wee Lin, Emma Bolton, Duncan Bloor-Young,
Grant C. Churchill, Antony Galione, Derek A. Terrar.
Pharmacology, University of Oxford, Oxford, United Kingdom.
NAADP is a highly potent endogenous Ca2þ-mobilising second-messenger
forming part of the beta-adrenergic response in cardiac myocytes12. Our previ-
ous work suggests NAADP causes Ca2þ-release from acidic endolysosomal
stores, leading to additional uptake by the SR12. Questions have arisen regarding
whether the magnitude NAADP-mediated responses can be accounted for by
acidic-store-mediated Ca2þ release through TPC channels34. This study aimed
to confirm that TPC2 channels are required forNAADP responses in cardiacmy-
ocytes and investigate the possibility of amplification in the pathway.
Transgenic mice were utilised to investigate the role of TPCs. Rapid applica-
tion of NAADP-AM to WT murine ventricular myocytes elicited a significant
increase in calcium transient amplitude (1655%, P<0.05). This response was
abolished in cells isolated from TPC2KO mice (654%, P>0.05).
NAADP photorelease in guinea pig atrial or ventricular myocytes caused a sig-
nificant increase in calcium transient amplitude (of 3758% and 3859% respec-
tively, both P<0.05), accompanied by acceleration in the rate of calcium transient
decay (by 2356%, atrial, and 2859%, ventricular, myocytes, both P<0.05).
In the presence of KN93 (atrial myocytes) or AIP (ventricular myocytes), to
inhibit cellular CaMKII function, no changes in Ca2þ transient amplitude or
decay velocity were observed after NAADP photorelease (P>0.05, both mea-
sures, both cell types). Similarly, no changes in Ca2þ transients were observed
during photorelease in the presence of the NAADP receptor antagonist, Ned-19
(P>0.05, both measures, both cell types).
These data support the hypothesis that NAADP-induced Ca2þ release requires
TPC2, and suggestCaMKII is themajor effector for its actions in cardiacmyocytes.
1. Collins et al. (2011) Cell Calcium 50: 449.
2. Macgregor et al. (2007) J Biol Chem 282: 15302.
3. Pitt et al. (2010) J Biol Chem 285: 35039.
4. Wang et al. (2012) Cell 151: 372.
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The primary cilium is a sensory organelle central to many signaling pathways.
Direct visualization of signaling dynamics within primary cilia constitutes a
major technical challenge due to the sub-micron dimensions of the organelle
as well as its close proximity to the cell body. By newly designing and
developing a genetically encoded calcium indicator (GECI) targeted to primary
cilia without compromising indicator efficiency, we now demonstrate the un-
precedented capability to visualize Ca2þ dynamics within the ciliary lumen
with high specificity, sensitivity and wide dynamic range. Simultaneous
